PI3K-Akt-mTOR signalling Akt (also called PKB) is the cellular homologue of the oncoprotein that is encoded by the AKT8 retrovirus 7 . Akt activation can occur in response to tropic factors, such as insulin, by several mechanisms [8] [9] [10] (FIG. 1) , the best understood of which involves PI3K. Akt activation depends on the phosphorylation of phosphatidylinositol (PI)-4,5-bisphosphate (PtdIns(4,5)P 2 ), which creates PI-3,4,5-triphosphate (PtdIns(3,4,5)P 3 ) at the plasma membrane (FIG. 1) . The reversible conversion of PtdIns(4,5)P 2 to PtdIns(3,4,5)P 3 is mediated by PI3K (which converts PtdIns(4,5)P 2 to PtdIns(3,4,5)P 3 ) and phosphatase and tensin homologue (PTeN; a phosphatase that counteracts the kinase action of PI3K and converts PtdIns(3,4,5)P 3 to PtdIns(4,5)P 2 ) 11 . Insulin binding to the insulin receptor leads to the phosphorylation of insulin receptor substrates (IRS) that can bind, and thus activate, PI3K. Activation of PI3K shifts the PtdIns(4,5)P 2 :PtdIns(3,4,5)P 3 equilibrium towards PtdIns(3,4,5)P 3 , which binds both Akt and phosphoinositide-dependent protein kinase 1 (PDK1) and recruits them to the plasma membrane. This shift also positions PDK1 such that it can phosphorylate, and thus activate, Akt on threonine 308 (T308). Activated Akt affects multiple cellular targets that increase metabolism, growth, synthetic processes and proliferation and suppress apoptosis 8, 10, [12] [13] [14] [15] . All of these processes are beneficial to viral lytic replication. Thus, it is not surprising that most RNA and DNA viruses have developed means to activate Akt during lytic infection 1 . Viruses can accomplish this by activating PI3K, repressing PTeN or both.
One of the downstream effects of activated Akt is the activation of mTOR kinase (also known as RAFT1 or FRAP) in mTOR complex 1 (mTORC1) (FIG. 2) . As described below, maintaining the activity of mTORC1 is crucial for the maintenance of cap-dependent translation, in which translation initiation depends on recognition of the mRNA 5′ cap by eukaryotic initiation factor (eIF) 4F
. Those viruses that must maintain cap-dependent translation during infection have evolved ways to either maintain mTOR kinase activity, control the activity of eIF4F or both.
The signalling between Akt and mTORC1 involves the tuberous sclerosis complex (TSC), which comprises TSC1 and TSC2 (also known as hamartin and tuberin, respectively) 16, 17 and Rheb-GTP, a member of the Ras family [18] [19] [20] [21] . Rheb-GTP function is mediated by the TSC, which stimulates the intrinsic GTPase activity of Rheb, thus converting it from Rheb-GTP to Rheb-GDP, which cannot activate mTOR kinase. The TSC is inactivated by Akt phosphorylation, which allows Rheb-GTP levels to remain high. Rheb-GTP displaces the mTORC1 inhibitor FKBP38, an FK506-bindingprotein family member 22 . Hence, viruses that activate Akt will initiate mechanisms to maintain high levels of Rheb-GTP to displace FKBP38 and therefore activate mTORC1 and maintain cap-dependent translation.
mTOR kinase complexes and their activities Two functionally distinct complexes that contain mTOR kinase are present in mammalian cells. These complexes differ in their major binding partner: raptor (regulatory-associated protein of TOR) in mTORC1 and rictor (rapamycin-insensitive companion of mTOR) in mTORC2 (ReFs 23, 24) (FIG. 2) . In addition, the small Gβ-like protein Gβl (also called mlST8) is part of each complex 25 and SIN1 is found specifically in mTORC2 . under normal conditions, the two complexes differ in their sensitivity to the drug rapamycin: mTORC1 is sensitive and mTORC2 is insensitive 24 . The role of mTORC1 in the control of cap-dependent translation has been extensively studied [29] [30] [31] . when mTORC1 is active, it phosphorylates (activates) p70S6 kinase (S6K) and the eIF4e binding protein (4e-BP) (FIG. 2) . S6K activation promotes the formation of translation initiation complexes 31 , which includes the phosphorylation of ribosomal protein S6. The phosphorylation of 4e-BP is a major point of control in cap-dependent translation and regulates the function of the eIF4F translation-initiation complex, which binds to the 5′ cap of an mRNA, the first step in the initiation of cap-dependent translation (FIGs 2,3) . The eIF4F complex consists of eIF4e, the subunit that binds to the 5′ cap and thus brings the complex to the mRNA; eIF4G, the scaffolding protein to which the other components bind; mnk1, an eIF4e kinase; and eIF4A, an RNA helicase. As eIF4e is the subunit that binds the 5′ cap, the functionality of the eIF4F complex relies on the association between eIF4e and eIF4G (FIG. 3) . However, the binding of 4e-BP to eIF4e displaces eIF4e from eIF4G and the remainder of the complex, thus inhibiting cap-dependent translation (FIG. 3) . mTORC1 regulates the binding of 4e-BP to eIF4e by controlling 4e-BP phosphorylation. under positive growth conditions, mTORC1 is active and 4e-BP is phosphorylated and therefore unable to bind eIF4e. Consequently, eIF4e is free to bind eIF4G, thereby completing the eIF4F complex on the 5′ cap and allowing translation to proceed 31 . under negative growth conditions, for example during stress or the inhibition of mTORC1 by rapamycin, mTORC1 is inactive; 4e-BP therefore becomes hypophosphorylated and binds efficiently to eIF4e, thereby removing it from the eIF4F complex and inhibiting cap-dependent translation.
Viral control of mTORC1 activity and the phosphorylation of 4e-BP depends on the specific needs of the virus. Viruses that must maintain cap-dependent translation, for example the mammalian DNA viruses and many of the RNA viruses, would be expected to induce mechanisms to either keep mTORC1 active or ensure that the eIF4F complex is maintained in some other way. By contrast, viruses that use internal ribosome entry sites (IReSs), for example many of the RNA viruses, would be expected to diminish cap-dependent translation to direct ribosomes to IReSs. These viruses can inhibit mTORC1 or inactivate the eIF4F complex in some other way
.
The functions of mTORC2 are less well characterized. The data suggest that mTORC2 has a role in the organization of the actin cytoskeleton 24, 32 ; however, its only known substrate is serine 473 (S473) of Akt 9 (FIG. 2) . The role of S473 phosphorylation in Akt activity is controversial, although it has been proposed to be important for the recognition and phosphorylation of Akt by PDK1 (ReF. 9) (FIG. 2) . As the phosphorylation of Akt on S473 seems to correlate with the full activation of Akt 9 , it would be expected that viruses which activate Akt must be able to activate mTORC2. The control of mTORC2 activity is not well understood. However, one study suggests that Rheb-GTP, the activator of mTORC1, does not activate mTORC2, but instead might inhibit it 33 . The conclusion that Rheb-GTP does not activate mTORC2 is supported by data which suggest that FKBP38 does not bind mTORC2 (ReF. 22) .
Inhibition by cellular stress responses
The above discussion provides a basic understanding of why a successful DNA-virus infection will involve the activation of Akt, which leads to the activation of mTORC1. However, Akt activation alone is not enough, given that the activity of mTORC1 can be inhibited by several cellular stress-induced signalling pathways that exert their effects downstream of Akt (FIG. 2) . For example, hypoxia can occur during the highest rates of metabolic and synthetic activity during viral infection, which normally exceed the rates in uninfected cells. Hypoxia inhibits mTORC1 by activating the TSC through the induction of ReDD1 (ReFs 34, 37, 38) . The redd1 gene is a transcriptional target for hypoxia-inducing factor 1 (HIF1) 39 . The TSC can also be activated by energy depletion through the activation of AmP-activated kinase (AmPK) [40] [41] [42] [43] (FIG. 2) . ATP depletion and the consequent increases in AmP levels can occur during the highest periods of metabolic and synthetic activity during viral infection. AmPK responds both to changes in AmP concentration and to changes in the ratio of AmP to ATP. AmPK can also be activated by the AmP mimetic 5-amino-4-imidazolecarboxamide ribose (AICAR). An increased AmP to ATP ratio or the presence of AICAR allows AmPK phosphorylation and activation. This, in turn, activates the TSC, which catalyses the conversion of Rheb-GTP to Rheb-GDP and thus inhibits mTORC1 and cap-dependent translation (FIG. 2) . AmPK can also be phosphorylated and activated by the calciumand calmodulin-dependent protein kinase kinase-β (CamKK-β) in response to alterations in intracellular calcium homeostasis 44 . Such changes can be triggered during viral infection, as calcium signalling and alterations in calcium homeostasis seem to be key cellular targets for many viruses 45 . As the TSC is involved in several stress signalling pathways, the existence of viral mechanisms that control the activation of this complex is predictable.
The crucial interactions between Rheb-GTP, FKBP38 and mTOR kinase that control the activation of mTORC1 are also a target for inhibition by stress The phosphatidylinositol 3′-kinase-Aktmammalian target of rapamycin (PI3K-Akt-mTOR) pathway is shown. The points in the pathway that transmit the inhibitory effects of cellular stress signalling (hypoxia, energy deprivation, calcium homeostasis and amino acid deprivation) and drugs (5-amino-4-imidazolecarboxamide ribose (AICAR) and rapamycin) are indicated. The extension of the pathway downstream of mTORC1 shows the effects of mTORC1 on the eukaryotic initiation factor (eIF) 4F cap-binding complex, which initiates cap-dependent translation. 4E-BP, eIF4E binding protein; AMPK, AMPactivated kinase; Mnk1, mitogen-activated protein kinase-interacting kinase 1; mTORC1, mTOR complex 1; mTORC2, mTOR complex 2; PDK1, phosphoinositidedependent protein kinase 1; PtdIns(3,4,5)P 3 , phosphatidylinositol-3,4,5-triphosphate; PtdIns(4,5)P 2 , phosphatidylinositol-4,5-bisphosphate; raptor, regulatory associated protein of TOR; rictor, rapamycin-insensitive companion of mTOR; S6, ribosomal protein S6; S6K, p70S6 kinase; S473, serine 473; T308, threonine 308; TSC, tuberous sclerosis complex.
signalling. Depletion of amino acid pools triggers a stress response that seems to inhibit the ability of Rheb-GTP to displace FKBP38 from mTORC1 (ReFs 22, 46) . Amino acid depletion can occur during the later stages of lytic viral infections owing to the demands for amino acids that are associated with the high rates of viral protein synthesis. Another way to directly inhibit mTORC1 is to use the drug rapamycin 47 . However, prolonged treatment with rapamycin or its derivatives can inhibit mTORC2 (ReFs 48, 49) .
These examples of mTORC1 inhibition by stress responses and drugs highlight the need for viruses to counteract inhibitory mechanisms at multiple points in the PI3K-Akt-mTOR pathway. In the following sections, we will examine the primary means by which mammalian DNA viruses activate this pathway and our knowledge of the molecular mechanisms that viruses use to maintain the activities that are required during times of stress. The emerging picture reveals that mammalian DNA viruses have evolved various mechanisms to activate PI3K and Akt to obtain the benefits of Akt activation, including the activation of mTORC1. In addition, mammalian DNA viruses possess multiple mechanisms to circumvent the inhibition of this pathway to relieve the effects of stress responses and maintain mTORC1, and possibly mTORC2, activity and cap-dependent translation. Some viruses have further developed ways to directly affect 4e-BP and components of the eIF4F complex, such that cap-dependent translation can be maintained even if mTORC1 activity is compromised.
PI3K-Akt-mTOR activation BOX 2 provides a general account of the replicative strategies of DNA viruses.
The Polyomaviridae (Papovaviridae). The polyoma (papova) viruses are small viruses that are most commonly represented by the mouse polyoma (Py) virus, simian virus 40 (SV40) and the papillomaviruses. They contain covalently closed, circular, double-stranded (ds) DNA genomes of 5-8,000 base pairs that encode 5-8 temporally expressed early and late proteins.
Differential splicing of the Py virus early-gene transcript produces mRNAs for three early proteins: large tumour antigen (PylT), middle tumour antigen (PymT) and small tumour antigen (PyST) 50 . The plasma-membrane-bound PymT is a potent oncogene that alters the activities of key cellular signalling proteins 50, 51 , including PI3K, which is important for PymT-mediated transformation 52 . PI3K activation leads to the phosphorylation of several cellular targets, including Akt [50] [51] [52] [53] [54] [55] [56] . Presumably, the activation of Akt leads to the activation of mTORC1, although this has not been examined directly. Importantly, PymT associates with the plasma membrane to activate the
Box 1 | Viral translation strategies: caps and internal ribosome entry sites
One of the unique aspects of viruses is their lack of constraint in using different forms of nucleic acid for their genomes. They are not limited to double-stranded DNA; they can also use single-stranded DNA (for example, parvoviruses), negative or positive single-stranded RNA (for example, orthomyxoviruses and picornaviruses, respectively) or doublestranded RNA (for example, reoviruses). Viruses that use RNA as a genome have evolved novel mechanisms for replication and transcription (for example, RNA-dependent RNA polymerases) as well as translation. In addition, many RNA viruses replicate in the cytoplasm, where they cannot use cellular RNA-processing systems that are primarily located in the nucleus. Even if these viruses entered the nucleus, RNA-dependent transcription might not be compatible with cellular mRNA processing, which is highly dependent on cellular DNA-dependent RNA polymerase type II. Thus, it is not surprising that the mRNA structures and translation strategies that are used by RNA viruses vary considerably from the general model for translation of cellular and DNA virus mRNAs, which contain 7-methylGpppG caps on the 5′ end, are spliced and contain polyA tails on the 3′ end. This mRNA structure is the basis of cap-dependent translation, in which the 5′ cap is recognized by eukaryotic initiation factor 4F (eIF4F), which identifies the mRNA for translation. Subsequently, interactions between eIF4F and polyA-binding proteins that are bound to the polyA tail further identify the mRNA and set up the structure that is needed for the 40S ribosomal subunit to attach to the 5′ end of the RNA and begin scanning for an AUG initiation codon in the appropriate context for translation initiation. Although many RNA and DNA viruses use this translation-initiation mechanism, they have also evolved means to bypass it; this is especially true for the RNA viruses. Many translatable viral mRNAs are not capped and use internal ribosome entry sites (IRESs), which are most often located in the 5′-untranslated region of viral mRNAs that are close to the AUG to be used. There are no definitive structural or sequential definitions of IRESs, although many seem to have a high degree of secondary, and possibly tertiary, RNA structure. Viral IRESs can directly bind 40S ribosomal subunits and bypass the use of many initiation factors, including eIF4F. Other viral IRESs seem to use alternative mechanisms that might not require a direct interaction with the 40S subunit, but instead require additional proteins, called IRES trans-acting factors, to attract ribosomes. Viruses that use IRESs have also evolved ways to diminish cap-dependent translation such that there will be little competition from host mRNAs for ribosomes. Often, these viral mechanisms function through the destruction of the eIF4F complex, but viruses also have other tricks. For example, if ribosomes scan a viral mRNA for an AUG, a shunting mechanism can be used in which major parts of a complex mRNA leader sequence can be bypassed and are not melted by the scanning ribosomes.
Although these specialized mechanisms were discovered and have been most extensively studied in viral systems, it must be remembered that viruses rarely create entirely unique biochemical mechanisms. Instead, they mimic or capitalize on existing cellular mechanisms. Thus, IRESs have been found in cellular genes, and there is growing evidence to suggest that their use is widespread and important, especially during times of cellular stress when cap-dependent translation might be inhibited. An additional benefit of the use of IRESs by viruses is that it might provide an additional means of avoiding the inhibitory effects of cellular stress responses. For excellent reviews on the subjects discussed above see ReFs 6, [118] [119] [120] .
Rapamycin, stress pathway. However, little is known about the mechanisms that the Py virus uses to counteract the stress responses that inhibit mTORC1.
Recent evidence suggests that, depending on the presence of growth factors in the medium, PyST can switch Akt between anti-and pro-apoptotic states by interacting with protein phosphatase 2A (PP2A). This is dependent on PyST-PP2A differentially controlling the phosphorylation status of Akt T308 and S473, which, in turn, modulates the phosphorylation pattern of Akt substrates 57 . The early region of SV40 encodes two oncoproteins: the large tumour (SVlT) and small tumour (SVST) antigens. SVlT transforms mouse and human cells primarily by binding and inactivating p53 and the retinoblastoma (Rb) family proteins 58 . Additionally, it has been reported that SVlT transformation requires insulin receptor substrate 1 (IRS1) 59 . SVST binds to PP2A, a major phosphatase that controls many cellular functions. This interaction is required for SV40-mediated transformation of human cells 60 . For most PP2A substrates, the SVST-PP2A interaction inhibits dephosphorylation; however, in some cases, the interaction with SVST can direct PP2A-mediated dephosphorylation to specific substrates [61] [62] [63] . Akt and mTOR are activated early during SV40 infection. Both SVlT 63, 64 and SVST 65 have been shown to activate Akt, although the mechanisms that are involved remain unclear. Activation by SVlT can be inhibited by PI3K inhibitors, which indicates that SVlT activates PI3K. Our unpublished data suggest that SVlT requires IRS1 to increase Akt phosphorylation, IRS1 functions as an adaptor for the insulin receptor (FIG.1) and, on activation by the receptor, IRS1 can bind and activate PI3K 66 . However, the link between SVlT, which is predominately a nuclear protein, and IRS1 and PI3K at the plasma membrane is not clear. Despite early reports of a cell-surface form of SVlT 67, 68 , there is no definitive evidence for an SV40 protein that inserts into the plasma membrane to activate PI3K, as is the case for PymT.
The interaction between SVST and PP2A is required for the SVST-mediated activation of Akt 65 . This association might inhibit the function of PP2A in dephosphorylating and inactivating Akt. Paradoxically, although Akt and mTORC1 are activated early in an SV40 infection, the mTORC1 substrates 4e-BP and S6K become hypophosphorylated late in infection 63 . Hypophosphorylation is mediated by SVST and requires the PP2A binding region. It is therefore possible that SVST targets the phosphatase activity to 4e-BP and S6K. In any case, hypophosphorylation inhibits cap-dependent translation late in the infection 63 . This is counter-intuitive, as late in infection there is extensive translation of SV40 late mRNAs, which encode three virion structural proteins. Interestingly, the late mRNAs are polycistronic, and recent evidence has indicated that IReSs are used for their translation 69 . This finding suggests that late in SV40 lytic infection the hypophosphorylated 4e-BP reduces cap-dependent translation such that ribosomes can be diverted to IReS utilization. This would favour translation from the IReSs of the SV40 late mRNAs and the synthesis of virion structural proteins 69 . The papillomaviruses are the aetiological agents of papillomas (warts), and several members of this virus family cause cancer, including the high-risk human papillomaviruses (HPVs), which cause cervical cancer 70, 71 . HPVs express several early proteins, two of which, e6 and e7, are required for the maintenance of HPV-related oncogenesis through interactions with p53 and Rb, respectively. It has also been shown that HPV e7, similar to SVST, can interact with PP2A, thus interfering with the ability of PP2A to dephosphorylate and inhibit Akt 72 . This might be a mechanism by which HPV can maintain Akt phosphorylation on both T308 and S473 in the absence of active PI3K 72 . The observed phosphorylation of Akt S473 suggests that HPV activates mTORC2, but this has not been formally demonstrated. It has also been suggested that the ability of e7 to upregulate Akt activity is linked to its ability to bind to and inactivate the Rb protein family 73 , although the mechanism that is involved has not been defined. The eukaryotic initiation factor (eIF) 4F complex consists of: eIF4E, the subunit that binds to the 5′ cap and thus brings the complex to the mRNA; eIF4G, the scaffolding protein to which the other components bind; mitogen-activated protein kinase-interacting kinase 1 (Mnk1), an eIF4E kinase; and eIF4A, an RNA helicase. The functionality of the eIF4F complex relies on the association between eIF4E and eIF4G. However, the binding of 4E-BP to eIF4E displaces eIF4E from eIF4G and the remainder of the complex, and thus inhibits cap-dependent translation. mTOR complex 1 (mTORC1) controls whether or not 4E-BP binds eIF4E by controlling 4E-BP phosphorylation. When mTORC1 is active, under positive growth conditions (a), it phosphorylates 4E-BP, which is therefore unable to bind to eIF4E. Thus, eIF4E is free to bind to eIF4G, which completes the eIF4F complex on the 5′ cap and permits translation to proceed. Under negative growth conditions, for example, during stress or the inhibition of mTORC1 by rapamycin (b), mTORC1 is inactive; 4E-BP therefore becomes hypophosphorylated and binds efficiently to eIF4E, thereby removing it from the eIF4F complex and inhibiting cap-dependent translation.
The ability of HPV to maintain active Akt, and thus activate mTORC1, might be crucial for the successful initiation of HPV replication, which occurs exclusively in differentiated cells and requires HPV e7. In cells that have been induced to differentiate, e7 protein levels are increased owing to enhanced translation of e7 mRNA, and this correlates with increased levels of phosphorylated 4e-BP 74 . One interpretation of these data is that as e7 accumulates in differentiated cells it begins to activate Akt and mTORC1, thereby increasing phosphorylation of 4e-BP, which, in turn, promotes e7 translation and creates a positive-feedback mechanism. It has also been reported that the HPV16 e5 protein might be required for the activation of PI3K and Akt 75 , although the specific nature of the contribution of e5 is not fully understood.
As a papillomavirus infection progresses, the need to activate Akt specifically to maintain mTOR activity can be circumvented by the e6 protein, which binds to tuberin in the TSC and thereby directs tuberin to proteasome-mediated degradation 76 . As a result, the levels of Rheb-GTP remain high, which activates mTORC1 and maintains the phosphorylation of 4e-BP and S6K. This ability to inactivate the TSC would also circumvent the inhibitory effects of any cellular stress responses that exert their effects through the inactivation of Akt or activation of the TSC (FIG. 2) .
The Adenoviridae. Adenoviruses possess linear dsDNA genomes of 30-38 kilobases (kb) that encode 30-40 proteins. Similar to the polyomaviruses, adenovirus gene expression during replication occurs in two phases: early and late. The early proteins are responsible for preparing the cell to execute viral replication by overriding cellular checkpoints, driving quiescent cells into DNA replication, activating other viral genes and blocking apoptosis 77 . Adenovirus early proteins target several cellular pathways that are crucial for cell growth and survival. Two early adenovirus proteins, e1A and e1B-55K, target Rb and p53, respectively [78] [79] [80] . In addition to manipulating the cell cycle, adenoviruses have also been shown to activate host protein synthesis through the activation of mTORC1 (ReF. 81) . early reports suggested that the e1A protein mediates the increased phosphorylation of 4e-BP and S6K 82, 83 . more recent studies in infected airway epithelial cells indicate that the early adenoviral proteins e4-ORF1 and e4-ORF4 are involved in the activation of PI3K, which results in the activation of Akt and mTORC1 (ReF. 81 ).
e4-ORF1 and e4-ORF4 are derived from the e4 region of human adenoviruses. The primary transcript of this region is subject to a complex pattern of differential splicing that produces as many as 24 distinct mRNAs, all of which share common terminal
Box 2 | A general account of DNA-virus replicative strategies
The mammalian DNA viruses include the parvoviruses, polyomaviruses, adenoviruses, herpesviruses and poxviruses, in ascending order of size and genetic complexity. In general, the DNA viruses share a similar replicative strategy. They must attach to and enter host cells and, with the exception of the poxviruses, deliver their genomes to the nucleus for gene expression and replication. DNA-virus gene expression is temporal. The initial viral genes that are expressed before DNA replication encode proteins that affect cellular processes to prepare the cell to execute viral DNA and protein synthesis, survive the stress of the infection and control the temporal order of subsequent viral gene expression. These are called early genes and proteins or, in the case of the herpesviruses, immediate-early genes and proteins. These proteins are often those that alter stress signalling and affect the phosphatidylinositol 3′-kinase-Akt-mammalian target of rapamycin (PI3K-Akt-mTOR) pathway and/or the integrity of the eukaryotic initiation factor 4F complex. Early or immediate-early proteins also activate the transcription of subsequent viral genes at the appropriate time; for the polyomaviruses (also known as papovaviruses) and adenoviruses these are late genes which, in general, encode virion structural proteins that encapsidate the newly synthesized viral DNA. In herpesviruses, immediate-early proteins participate in the transcriptional activation of early genes, which encode products that are primarily involved in viral DNA replication and, subsequently, late genes that encode virion structural proteins that package the viral DNA.
The unique features of the parvoviruses, the smallest DNA viruses, and the poxviruses, among the largest DNA viruses, must be noted. The parvovirus genome consists of linear single-stranded DNA. This genome structure, together with the lack of genetic complexity of the parvovirus genome, makes them the most dependent of all DNA viruses on cellular functions. For example, for parvovirus to replicate, the infected cell must either be able to enter S phase on its own or be induced into S phase by co-infection with an adenovirus or herpesvirus. The parvoviruses will not be discussed here, as the effect of parvoviruses on the PI3K-Akt-mTOR pathway has not yet been determined. In striking contrast to the parvoviruses, the poxviruses are sufficiently genetically complex that they encode all of the functions that are needed for successful replication in the cytoplasm, and little is required from the host nucleus.
Finally, most of our knowledge of DNA-virus manipulation of the PI3K-Akt-mTOR pathway comes from studies of cells in which these viruses establish lytic infections, which leads to many progeny viruses being produced and the ultimate killing of the host cell. It is important to consider, however, that in other cell types DNA viruses can use different infection strategies. In persistent viral infections, the host cells are not readily killed and progeny virus production is slow and extended over a long time period. In a latent infection, the infecting viruses become essentially dormant for extended periods of time, and produce few, if any, progeny viruses. However, upon the appropriate stimulus, the latent viruses can reactivate and produce progeny viruses. It is possible that to establish persistent and latent infections the activation and maintenance of the PI3K-Akt-mTOR pathway might be undesirable or even detrimental.
For complete details of the infection strategies and replicative cycles of the DNA viruses, and all things virological, see ReFs 121, 122. sequences 84 . Thus, a range of related proteins that have potentially overlapping functions are produced. The e4-ORF1 protein activates growth factor and PI3K signalling, possibly through a direct interaction with PI3K, which has been shown to correlate with increased Rheb-GTP and mTOR kinase activation 81, 85 . However, even in the absence of e4-ORF1, mTORC1 substrates can be maintained in their phosphorylated states owing to the activity of e4-ORF4. This effect occurs in the absence of increased Rheb-GTP, which suggests that e4-ORF4 has a more direct effect on mTORC1 or its substrates. It has been suggested that this might be mediated, in part, by the inhibitory interaction between e4-ORF4 and PP2A, which would inhibit the dephosphorylation of mTORC1 substrates 81 . Thus, two adenovirus proteins can affect the phosphorylation of mTORC1 substrates indirectly, using e4-ORF1 and PI3K, and more directly, using e4-ORF4. The more direct effects of e4-ORF4 would be predicted to maintain the phosphorylation of mTORC1 substrates even during cell stress responses that inhibit Akt or activate the TSC.
The Herpesviridae. The human herpesviruses (HHV) include herpes simplex virus (HSV) 1 and 2, varicella zoster virus (VZV), human cytomegalovirus (HCmV), epstein-Barr virus (eBV), HHV-6, HHV-7 and Kaposi's sarcoma herpesvirus (KSHV; also known as HHV-8). These large DNA viruses have linear dsDNA genomes that can be up to 230 kb in size and are capable of encoding up to 200 proteins, as is the case for HCmV, the largest HHV. The host ranges and rates of the replicative cycles of the various HHVs differ. For example, HSV-1, which can infect many species, replicates rapidly and might be able to complete the bulk of its replicative cycle before the induction of stress signalling becomes pronounced or inhibitory. Conversely, HCmV, which has a strict tropism for human cells, has a slow replicative cycle and must deal with the inhibitory effects of stress signalling. Data suggest that HCmV does this effectively by affecting many cellular signalling pathways in a way that inhibits stress signals or circumvents their inhibitory effects [86] [87] [88] [89] [90] [91] [92] [93] . HCmV infection can be sustained under stress conditions that would kill uninfected cells 90, 94 , which suggests that infection can be cytoprotective for the host. Regarding the effects of HHVs on the PI3K-Akt-mTOR pathway, most is known about HCmV and HSV.
HCmV infection activates Akt by stimulating T308 phosphorylation, which occurs through the activation of PI3K 64, 95 , and S473 phosphorylation, which occurs through the activation of mTORC2 (ReF. 88) (FIG. 2) . Transient activation of PI3K-Akt results from receptor-mediated signalling owing to HCmV attachment to viral receptors 95 . longer-term activation requires the expression of HCmV-encoded proteins 64, 88 . It has been suggested that either of the two major immediate-early proteins of HCmV (the 72 kDa Ie1 and 86 kDa Ie2 proteins) can stimulate the phosphorylation of Akt at both T308 and S473 (ReF. 64) ; however, the mechanism that is used is unknown.
The effects of HCmV on the PI3K-Akt-mTOR pathway extend well beyond Akt activation. AmPK can be phosphorylated and activated in HCmV-infected cells. However, its ability to inhibit mTORC1 is blocked 87 . Data suggest that HCmV targets AmPK and the TSC, thereby limiting the levels of phosphorylated (activated) AmPK 87 and inactivating the TSC through binding of the HCmV immediate-early protein pul38 (N. J. moorman et. al., personal communication). It is important to note that inhibition of the TSC by pul38 would not only block the effects of activated AmPK but also the effects of other stress responses that signal by activating the TSC, for example, hypoxia and calcium homeostasis.
Viral-mediated inhibition of the TSC is probably sufficient to protect mTORC1 activity and cap-dependent translation from the inhibitory effects of most stress responses. However, HCmV infection also targets the mTOR complexes and functionally alters them to maintain 4e-BP phosphorylation and cap-dependent translation. This is indicated by the virus-mediated resistance of mTOR kinase activity to rapamycin in HCmV-infected human fibroblasts, which correlates with the rapamycininsensitive phosphorylation of 4e-BP 86 . However, this resistance is specific for 4e-BP, as the phosphorylation of S6K by mTOR kinase remains sensitive to rapamycin 86 . Thus, the viral infection induces a substrate-specific alteration in mTORC1 activity. Similarly, HCmV infection alters the substrate specificity of mTORC2, which gains the ability to phosphorylate 4e-BP and S6K 86 . These data suggest that HCmV targets and alters both mTOR complexes to facilitate 4e-BP and S6K phosphorylation and maintain translation.
HCmV also acts downstream of mTOR by inducing mnk1-dependent phosphorylation of eIF4e (FIG. 2) and increasing the levels of eIF4e 93 . An increase in eIF4e levels might enable hypophosphorylated 4e-BP to be titrated out, but still allow the maintenance of sufficient free eIF4e to bind eIF4G and preserve the integrity of the eIF4F complex. Thus, HCmV maintains redundant mechanisms to control the signalling pathway at this point -first, by hyperphosphorylating 4e-BP to lower its affinity for eIF4e and, second, by increasing the levels of eIF4e to titrate out hypophosphorylated 4e-BP. These two mechanisms might be required to maintain capdependent translation in different cell types and under different growth conditions. The studies discussed above of how HCmV affects the PI3K-Akt-mTOR pathway were performed in cells in which the virus can produce a robust, lytic infection. It should be noted that in other cell types, in which the virus can produce a chronic, persistent or latent infection, the need to activate this pathway might not be as crucial and could even be detrimental for the virus
; in such cells, it has been reported that HCmV infection can activate PTeN, thereby inhibiting Akt activation. This might be necessary to set up conditions to establish persistent or latent infections 96 . HSVs also exert multiple effects on the PI3K-AktmTOR pathway. The HSV-2 UL39 gene encodes the large subunit of HSV ribonucleotide reductase, which is also known as ICP10. It has been proposed that HSV-2 ICP10 has a serine-threonine protein kinase (PK) activity located within the first 411 amino acids (ICP10PK). ICP10PK is a constitutively activated growth-factor receptor that signals through both the Ras-meK (mitogen-activated protein kinase kinase)-eRK (extracellular signal-regulated kinase) and PI3K-Akt-mTOR pathways 97 . This is a controversial model, however, as other data suggest that the kinase activity of ICP10PK is not intrinsic 98, 99 . If this mechanism of Akt activation is functional, it would be specific for HSV-2, as the HSV-1 ribonucleotide reductase subunit does not contain the putative kinase activity. Thus, other HSV mechanisms for activating Akt early in infection remain to be elucidated. However, conditions change as the HSV infection progresses and the HSV kinase u S 3 accumulates in effective amounts. under these conditions, Akt becomes dephosphorylated and inactivated. One interpretation of these data is that activated Akt is needed for its anti-apoptotic function early in infection and, presumably, activates mTOR before accumulation of the u S 3 kinase. However, late in infection, Akt might not be needed or might be deleterious to HSV infection 100 . Inactivation of Akt activity could result in loss of mTORC1 activity. However, similar to HCmV, HSV-1 exerts effects downstream in the pathway that would circumvent the loss of Akt and the inhibitory effects of stress signalling. Specifically, HSV-1 directly regulates formation of the eIF4F translation-initiation complex. The HSV-1 protein ICP0 stimulates the phosphorylation of eIF4e and 4e-BP1, which leads to the degradation of 4e-BP1 and facilitates formation of the eIF4F complex 101 . In addition, eIF4F-complex formation is stimulated by the chaperone-like activity of the HSV protein ICP6, which interacts directly with eIF4G 102 . Such a direct effect on translation might allow HSV to circumvent most of the inhibitory stress signalling that is induced during its rapid life cycle.
Other members of the herpesvirus family that are known to activate the pathway include: VZV, using pORF47 and pORF66 (ReF. 103) ; eBV, using latent membrane protein 2A [104] [105] [106] ; and KSHV, using the viral G-protein-coupled receptor 107 . For eBV and KSHV, viral activation of the pathway is thought to contribute to oncogenesis.
The Poxviridae. The poxviruses are large DNA viruses that contain linear dsDNA genomes of 130-230 kb. They are unique among mammalian DNA viruses in that they replicate exclusively within the host cell cytoplasm 108 . Discrete cytoplasmic regions are organized into replication compartments, termed factories, during the productive growth cycle 109 . Despite this independence from most nuclear functions, poxviruses remain dependent on the cellular translational machinery. Poxvirus mRNAs are capped on their 5′ end through the action of a viral methyl-transferase complex 110 and therefore use eIF4F to initiate cap-dependent translation. However, studies that used the model poxvirus vaccinia virus (VV) indicated that poxviruses might be able to circumvent mTORC1, and the stress signalling that might inhibit this complex, through their ability to trigger the destruction of 4e-BP and thus remove the main inhibitor of eIF4F-complex formation. In addition, cellular signalling pathways were activated that stimulate the mnk1 kinase to phosphorylate and activate eIF4e. Both events seem to be crucial for successful VV replication. Further, eIF4e and eIF4G are relocated into the cytosolic viral-replication compartments 111 . This apparent circumvention of mTORC1 for translation does not mean that the PI3K-Akt-mTOR pathway is not activated by poxviruses. myxoma virus (mV) is a member of the poxvirus family that causes a fatal disease known as myxomatosis in european rabbits 112 , although it is non-pathogenic in other vertebrates, including humans [113] [114] [115] . Interestingly, mV can productively infect many human tumour-cell lines 116 . This ability is associated with the mV host-range gene product m-T5 (ReF. 116) , an ankyrin-repeat protein that complexes with Akt and upregulates Akt kinase activity 117 . The ability of mV to grow in human tumour cells depends on the cells either having a high activation state of Akt at the time of infection or the ability of m-T5 to induce high levels of activated Akt 117 . FIGURe 4 illustrates the ways in which mammalian DNA viruses affect the PI3K-Akt-mTOR pathway, the mTORC1 substrates and the components of the eIF4F complex. The evidence shows that all mammalian DNA-virus families have inherent capacities to modulate PI3K activity to affect the PtdIns(4,5)P 2 to PtdIns(3,4,5)P 3 ratio. How some viruses accomplish this activation remains unclear. Given that PymT and, possibly, adenovirus e4-ORF1 directly interact with PI3K at the plasma membrane, it could be predicted that other DNA viruses either encode proteins or induce cellular proteins that have similar functions. Repression of PTeN activity would be an alternative way for a virus to modulate the PtdIns(4,5)P 2 to PtdIns(3,4,5)P 3 ratio; however, this has not been well studied in the DNA viruses. Abrogation of PP2A function by viral proteins affects the PI3K-Akt-mTOR pathway at several levels. For example, PyST, SVST and HPV e7 control of Akt; SVST-mediated hypophosphorylation of 4e-BP and S6K; and adenovirus e4-ORF4 and PP2A might be involved in Rheb-GTP-independent activation of mTOR. PP2A is a key regulator of many cellular processes and therefore it would not be surprising to find that most DNA viruses gain control of PP2A as a means to control Akt and mTOR activity.
Summary and conclusions
The general need for viruses to control Akt activity suggests that direct interactions between viral proteins and Akt would be a good control strategy. However, this has been clearly demonstrated for only one virus protein, m-T5, which raises the question of why a direct interaction has not been shown for the nuclear-replicating viruses. Are they more restricted than poxviruses in their ability to directly manipulate Akt or is the mechanism more subtle and has therefore not yet been detected? Nature Reviews | Microbiology The TSC is a crucial point in the pathway where stress signalling can initiate inhibitory effects on mTORC1 by converting Rheb-GTP to Rheb-GDP. Thus, it is not surprising that this complex is targeted for inactivation by HPV e6 and HCmV ul38. Given its crucial regulatory position, it is likely that the TSC will be found to be a target for other DNA viruses. It is also likely that some viruses induce other means to maintain Rheb-GTP or antagonize FKBP38, the mTORC1 inhibitory protein.
The mTOR complexes are targets for several viruses. The evidence from studies of HCmV shows that both mTORC1 and mTORC2 are activated and can be structurally altered during infection, which results in increased phosphorylation of 4e-BP and rapamycin resistance. That most DNA-virus infections activate mTORC2 is suggested from the experiments that document Akt activation. Specifically, most analyses that detected Akt activation involved western analysis of the phosphorylation of S473, the mTORC2 phosphorylation site. The control of mTORC2 activity is not well understood, but one study suggested that Rheb-GTP, the activator of mTORC1, inhibits mTORC2 (ReF. 34) . If this is the case, then how are both mTORC1 and mTORC2 activated during infection with viruses such as HCmV? It is possible that virus-mediated alterations of the mTOR complexes alter the response to Rheb-GTP or FKBP38. Alternatively, Rheb-GTP or FKBP38 might be a direct target for some DNA viruses to control the activity of the mTOR complexes.
Several DNA viruses function downstream of mTOR and target 4e-BP and components of the eIF4F complex. These viral-mediated effects would seem to be the ultimate way to counteract the inhibitory effects of stress responses, all of which inhibit the pathway upstream of mTOR (FIG. 2) . However, the viruses retain multiple mechanisms to maintain the activity of the pathway from PI3K to the mTOR complexes. This Review has mainly used the maintenance of capdependent translation as the focus for why mammalian DNA viruses target the PI3K-Akt-mTOR pathway. This is, of course, a narrow view. The many interactions that the DNA viruses have with this pathway suggest additional effects on cellular physiology. These might not only benefit viral infection, but also translate into viral pathogenesis. For example, nearly all of the targets in FIG. 4 can be an oncoprotein if mutated or inappropriately activated or expressed. Some of the mammalian DNA viruses discussed above are true transforming viruses (for example, SV40, high-risk HPVs, some adenoviruses, eBV and KSHV), but others are not. even if a virus has not been shown to be a frank transforming agent, it might still serve as a co-factor with other agents or mutations to promote transformation. For example, the effects of any DNA virus on oncoproteins such as PI3K, Akt, TSC, mTOR and mTOR effectors could increase the oncogenic potential of the cell, thereby functioning as one factor among several that ultimately result in transformation.
Viruses have long served as a means to study and decipher complex cellular phenomena. understanding how viruses manipulate key signalling pathways and circumvent stress signalling will provide valuable insight into not only how viruses manipulate these pathways, and thereby cause pathogenesis, but also the normal cellular controls of these pathways that may arise under special growth and metabolic conditions. The many activating and inhibitory mechanisms that are used by DNA viruses to maintain mTOR complex 1 (mTORC1) activity and cap-dependent translation are summarized. However, it should be noted that these effects might also provide many other physiological changes in the cell that can benefit a productive viral infection and contribute to viral pathogenesis. 4E-BP, eIF4E binding protein; AD, adenovirus; eIF, eukaryotic elongation factor; HCMV, human cytomegalovirus; HPV, human papillomavirus; HSV, herpes simplex virus; Mnk1, mitogenactivated protein kinase-interacting kinase 1; mTOR, mammalian target of rapamycin; MV, myxoma virus; PDK1, phosphoinositide-dependent protein kinase 1; PI3K, phosphatidylinositol 3′ kinase; PP2A, protein phosphatase 2A; S6, ribosomal protein S6; S6K, p70S6 kinase; ST, small tumour antigen; SV, simian virus 40; TSC, tuberous sclerosis complex; VV, vaccinia virus.
